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SCALES
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CAPACITANCE: TUNING THE SCALE
WITH THE POTENTIAL
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MODELING CAPACITANCE OF THE IN-
TERFACE. HISTORY

« The Gouy-Chapman theory attributed the
capacitance to the screening of the field
by the ions of the electrolyte.

« This gives a capacitance parabolic in the
charge which is observed close to the point
of zero charge.

o Far from the PZC there are deviations
from the theory in the experiments. These
were attributed by Stern and others to
the layer of water ’bound’ at the inter-
face. In most models this gives a capaci-

tance symmetric in the charge about the
PZC.

« But there is a part of the capacitance
which is not symmetrical in the charge.

(Grahame, 1947)
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MODELLING CAPACITANCE: METAL-
WATER SIDE

« A common approach, is to calculate a
force field potential for a single water molecule
near a metal electrode (in some model)
and then fit a water-metal force field po-
tential to the results. For example Heinzinger
and coworkers as well as others used this
approach for describing platinum water
interfaces.

« Here we describe a Car—Parrinello type
calculation combining molecular dynam-
ics and density functional methods (J.

Chem. Phys. 102, 6603 (1995);J. Chem.
Phys. 109, 8076 (1998)).

« The exposed faces of the slabs are (001)
or (110) surfaces of the FCC structure,
with with a total of between 100 and 200
metal atoms per unit cell. (For the 100

surface the cell dimensions were 42.3A x 15.3A « 15.
The 100 cell 1s shown below.
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« We can apply a net drop in electric poten-
tial between neighboring slabs to induce
net surface charges on the metal surfaces.

« Only the metal’s valence electron wave
functions are calculated; the H,O molecules
are taken to be closed-shell systems with
fixed electron densities, as are the core
electrons of the metal. We have done cal-
culations for a model of copper in which
only one electron per copper atom (an ”s-
like” electron) is treated explicitly and
of cadmium in which two electrons per
atom are treated explicitly. We empha-
size mainly the results on the copper-like
model here.

« The valence electron wave functions are
taken to be zero outside of the “near—
metal region”

. The wave functions are expanded in a ba-
sis of plane waves. Further details are
quite standard and we refer to the pa-
pers.
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« For the copper like model, empirical pseu-
dopotentials were used and only the s-like
electrons of copper were included.

« For the cadmium model, full non-local
pseudopotentials were used and no ad-
justment was necessary to get the cad-
mium work function right.
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ATOMIC FORCES

After obtaining self consistent wave func-
tions the atoms are moved with the Ver-
let algorithm using forces in the form

o _ patoms | pelectrons
Fz = Fz' + Fi

antoms were taken from water-water in-
teractions from the central force model
and electrostatic hydrogen-metal ion and
oxygen metal ion interactions.

Felectrons js the force on hydrogen, oxygen
or metal atom i arising from the calcu-
lated valence electron density.

}_;’vielect’l“Ons is obtained from -v B AT, v];':SV(F_

Z .
i.)P(7) by Fourier transform of V3" (7 -

Tl

i,V)

13



RESULTS FOR WATER DISTRIBUTION
NEAR THE INTERFACE

A calculation with just one water molecule
in the space between the simulated cop-
per slabs gave an on top site (oxygen down)
as the lowest energy water configuration
of the 100 structure.

OxXygen .——
hydrogen .

3

Density
2
[

0 4 B 12 16 20 24 28 32 36 40
Distonce {a.u.)
« Then we did a calculation with 245 molecules
in the space between the planes and found

the oxygen and hydrogen densities be-
tween the planes shown above.
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o It is evident that of all the “on-top” sites
in the plane of the contour plot, only a
tew are occupied.

« This is very different from the results of
the MD work of Heinzinger and Spohr,
who would have made a potential using
the one water molecule calculation and
then found that nearly all the water molecules
had attached in the on top site. Indeed,
they did essentially this for a Pt surface.
Evidently, the water is experiencing a ”through
metal” interaction in this model which
causes one on-top water to repel another.
This could not be represented by a two
body potential.
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Larry Curtiss and coworkers have con-
firmed that this ”through metal” repulsion
of water molecules on a copper surface oc-
curs in a much more complete model of the
electronic structure on a small cluster.

VaSele

V0050850

In the first configuration two neighbor-
ing waters are in on top sites. The binding
energy of the second water molecule was
only 0.03 eV, indicating a strong repulsion
of a pair of near neighbors on top water
molecules due to the "through metal” in-
teraction. In the second configuration a
second water was hydrogen bonded to the
first water molecule, which was in turn in
an on top site of the copper surface. The
second water was bound by 0.38¢eV in the
Hartree-Fock calculation.
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CAPACITANCE: WATER-ELECTROLYTE
SIDE

20

15

10
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¢(V') versus zero charge

By imposing a field across the slab of the
direct dynamics model of the metal water
interface, we used the CP model to calcu-
late the charge on the metal as a function
of the total potential drop across the model
interface as shown here. a) the 100 surface
and b) the 111 surface of copper.
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The ions farther out in the solution even-
tually screen the field. It is NOT practi-
cal to include these directly in the simu-
lation. At typical solution strengths there
are about 100 water molecules per ion and
we need around 100 ions to represent the
double layer. The current Ewald methods
scale as N2 so the needed calculation would
be approximately 108 times as expensive.
(The simulation must be done many times
for different field strengths. )

Furthermore, for dilute solutions and no
specific adsorption, direct simulation of the
ions is totally unnecessary, because the con-
tinuum Gouy Chapman model works very
well.

The remaining problem is to correctly cou-
ple the continuum Gouy Chapman theory
to the simulation of the ”inner layer” metal
and water parts of the simulation. We did
this by calculation of the macroscopic electric
field to provide a boundary condition for
the continuum theory, as described next.
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The boundary condition for the Gouy Chap-
man model can be estimated from the molec-
ular dynamics simulation by calculating the
macroscopic electric field at the plane z = 2.
at which the model begins to represent the
system by the Gouy-Chapman model.

Given the macroscopic electric field E(z) for
a given charge ¢ on the electrode and as-
suming that in the continuum theory the
solvent responds linearly to the field, we
have, on the electrolyte side of 2. that

(B () = dmp(2)

where p is the ionic charge density in the
electrolyte and we have allowed for the pos-
sibility that the local dielectric constant of
the solvent is different from the bulk one,
but have assumed a local response func-
tion.

We assume that all of the ionic charge is
on the electrolyte side of z.
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The total ionic charge must exactly bal-
ance the charge « on the electrode giving
(since E(s)=0 )

—€(zc)E(z¢c) = —4mo
If, as will usually be the case, the E(z:) so
determined is not equal to 4ro/e, ;;. Where

ep,r 15 the bulk dielectric constant of the
solvent , then we cannot simultaneously

. use E(z:) as a boundary condition,

. retain charge neutrality of the interface,
and

. use the Gouy Chapman theory in its usual
form with a constant value of ¢

20



Here we adopted a simple extension of the
Gouy Chapman model in which ¢ varies
smoothly with z from the simulation de-
termined value e(z;) = 4r0/E(z:) to the bulk
value far from the electrode:

—(2=2c)

€(z) = €(2c) + (epy . — €(2¢))(1—e  Z0 )

Here (z¢) = 4no/E(z) 18 determined from the
simulation by evaluating the macroscopic
electric field at z..
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The resulting model depended only weakly
on the decay length, which was taken to be

2O — 5A.

With this form for ¢(z) we numerically solved
the Poisson-Boltzmann equation for z > z

_dze(z) dz — 47Tp(Z) (1)

where ¢ 1s the total electrostatic poten-
tial in the continuum model on the elec-
trolyte side of z. with the charge densi ty

p(z) = 2nogosinh(Beop (7))

This yielded the net potential drop from
inside the electrode to the bulk of the so-
lution as

o= (dprplz = —0)=dprp(z =2c))+Hdao(z = 2c) bz = )
(2)

é1rp(z) 18 the electrostatic potential ob-
tained from the simulation

z — —o 18 Teplaced by a point inside the
model metal slab
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face—100: high field
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Values of the calculated macroscopic field
for one field strength for the 100 face of
copper.

The field near the interface is often calcu-
lated to be lower than in the bulk water,
contrary to classical models.
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face—111: high field

0.2

-0.1
-0.2 - macroscopic field “\\ y///
[ potential/10. (volts) \ //
electronic density
-0.3 i ! ! |
0.0 10.0 20.0 30.0

distance (A)

Values of the calculated macroscopic field
for one field strength for the 111 face of
copper.
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Cu(111), .005 M G-C Electrolyte

20
~ Exp, pac=-40 V/SCE - - N
15 Exp, pac=-45 V/SCE — | |
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~ @(V) vs. zero charge

Calculated and experimental differential ca-
pacitance for the 111 surface of copper.
The reported potential of zero charge is -
0.45 V/SCE for this surface.
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ELECTRON TRANSFER

o For outer shell electron transter reactions,
the problem is mainly a statistical me-
chanical one in the classical domain of
calculating a free energy barrier height
involving either solvent rearrangement
or approach of the ion involved in the
transter to the electrode surface.

« We have studied to such reactions Fe2+
— Fe3+ + e at a gold electrode and Cu+
—» Cu2t + e at a copper electrode in
a collaborative program with Argonne
National Laboratory.
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How scales are coupled in the electron trans-
fer problem:;

« In reducing the problem to the calcula-
tion of a barrier height, one illustrates a
way of coupling time scales accessible to
molecular dynamics (up to nanoseconds)
to reaction times which can be a million
times slower. This works best when the
reaction path can be definitively deter-
mined (and one path is dominant).

. With regard to length scales, in this prob-
lem we couple ab initio accessible scales
(clusters) to molecular dynamics scales
by fitting force field potentials to results
of first principles electronic structure cal-
culations (L. Curtiss). Two complica-
tions arose:
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. The energies of multivalent ions surrounded
by water turn out not to be representable
by sums of two body force field poten-
tials if the latter are derived directly from
the first principles calculations on one ion
interacting with one water molecule and
pairs of water molecules.

« We need force fields for both reactant and
product species in the reaction.
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FORMAL TREATMENT OF THE ELEC-
TRON TRANSFER PROBLEM

« Basic ideas are due to Rudy Marcus.

« In both homogeneous and heterogeneous
electron transfer, the rate limiting step is
the rearrangement of the atoms so that
the intial and final electronic state are
degenerate and electron transfer can oc-
cur.

« Marcus made classical electrodynamic mod-
els of the energy associated with the fluc-
tuations in the free energy associated with
the atomic motions which worked quite
well over many systems and had appeal-
ing general features.

« These models lack microscopic predictive
power.
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USE OF THE MODEL TO CALCULATE
THE RATE

Diabatic Limit

rate = 2" <| A((R)) 12 6(V;((R)Y) - V((RY) >;  (3)

h
rate = /dzm(z)C’z-(z) (4)
5(2) = 2| A=) P<O(Vi((RY) ~VE((R) >, (5)
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[doe PV

C-(z) =
) [dRre PV

Kec = /dzm(z)C,Z(z) (7)

Ci(z)= lim LC(z)

L—

vee = g [ 4214 2o g

in which

_BV-
kT [ dQe™” i6(AB -V, + V)

F; (AE)=—kgTlh
b b f dnePVi

(9)

Nnow write

[dYdZ e _BV({Q}Z) d(z—2") _ —BFx(2)

C”.(z) —
' fdQ’dz’e_BV( {2, z/)d(zbulk — 2

(10)
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giving

Kec = /dZ|A
thT

F,(AE,z) = Fi,z(AE) + Fy(z) (12)

rearrangement approach
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Calculation of Approach Activation Energy:

BV (1O
OFy _ —kBTQ In [dQd7 e BV;({Q2,2 )5(2 —2) | _

o % | deaze PV g0 _(il??)

faedze PVl D g 1)

—kpT
B I dﬂ,e—[ﬂ/;;({ﬂ’},z’)
_B8V. oV,
or, _, Jaae Vil s pp) oy
9z B fdQIG—BV@'({Q,}aZI) 0z Th2
(14)
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Calculation of Rearrangement Activation
Energy

_B8V.
kT [ Qe i6(AE - V;+ V)

F. (AE)=-kpTln
e B fdQe_ﬁvi
(15)

36



Adiabatic Limit

V. A
F_ ,(AE)=-kpTnkpgT <§(AE-V_+V,)>_,
(17)

AE'=V_ -V, —2A(2)

Umbrella sampling techniques are discussed
in the references.
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MOLECULAR DYNAMICS MODEL

. Central force model for the water (K. Toukan
and A. Rahman, Phys. Rev. B31, 2643
(1985))

For copper, we fit some characteristics of
an almost ab initio density functional the-
ory model of the copper water interface
(S.Walbran, J. W. Halley, A. Mazzolo and
D. L. Price J. Chem. Phys. and J. Chem.
Phys. 102, 6603 (1995)), described above.
We took partial account of the ”through
metal” interaction by use of a classical three-
body potential

U(Fl,’f'é) _ 06—7‘%/(7“0/2)2 (e—zl/zo —|—6_Z2/ZO) (18)

We used C = .001¢2/A , ry=10.04, z, = 1.0A.
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Oxygen density relative to bulk
T
classical with multibody force ——
plane-wave LDA

10

a4 6
x [Angstroms], zero=image plane

Density of oxygen as a function of distance

z from the electrode in the model, com-
pared with results from the better, CP model

described above.
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V(r) [e**2/A]

Short range Cu+1 and Cu+2 potentials
0.01 T T T

0.005

-0.005

-0.01
\ e

-0.015 .

-0.02 -

-0.025

-0.03

Copper-oxygen pair potentials (in e2/4) used
in simulation as a function of radial sepa-
ration r in A. From Hartree-Fock (quan-
tum chemical) calculations by L. Curtiss.
The coulomb interaction g-,,qn/r 1s nOt in-

cluded.
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Solvation Energies of the Ions. These had
to be right to get quantiative results for
electron transfer energy barriers.:

Simulation Experiment
(kJ /mol) (kJ /mol)

B, lvations Cu+; 580 + 70 576

B, tvations Cut? 2085 + 70 2105

AE 1505 + 70 1529

AF 1485 + 70 1481
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EQUILIBRIUM POTENTIAL

The equilibrium is achieved when the con-
centrations of the Cut!l, Cut? are given by

[(Cut]

The components of the free energy differ-
ence AF are

AF=I-AF,, - A(b%bo _
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Approximate values:

Contributions to the free energy difference.
Symbol  Meaning Source  Typ. Value

I Ionization Exp 20.3 eV
energy

AF, . Solvation Sim 15.4 eV
difference

A¢f17{2 O Electro- Sim 0.3 eV
static drop

d Work Exp 4.6 eV
function

Calculation within the MD model with in-
clusion of buffering electrolyte (treated in
GC theory) gives:

Equilibrium potential minus PZC =0.25
V (MD model)

Equilibrium potential minus PZC = 0.5-
0.8 V (Experiment)
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Here we were coupling the MD to the
CONTINUUM Gouy Chapman model, us-
ing methods like those discussed above when
we discussed capacitance.
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ONE MORE INPUT FROM MICROSCOPIC
CALCULATON: THE COUPLING CON-
STANT

The “apex” approach of the hydrated cop-
per ion to the copper surface used to cal-
culate the electronic matrix element.
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A1, as a function of distance of the copper
ion from the copper surface.
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RESULTS

Cu+

F[eV]

I SRS N

delta E [eV]

Diabatic Free Energy Surfaces for the Cuprous
47

and Cupric lons.
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Adiabatic Free Energy Surfaces for the Cuprous

and Cupric Ions



Results for the kinetic barrier for the cuprous-
cupric electron transfer reaction.

Theory Values
(eV + 0.1 eV) (kJ/mol+ 10 kJ /mol)

Diabatic 1.30 125
Adiabatic, 0.43 41

st A
Adiabatic, 0.17 16

, 2nd A
Experiment 32+ 5
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TRANSFER COEFFICIENT

Calculational Estimates of the Transter Co-
eflicient

Q

Foct 6Fact 0P p
pC/cm?2)  (eV) (eV) (eV)

/N

0. 0.37 0.06 0.25 0.24

D. 0.43

9. 0.58 0.15 0.81 0.19
Experimental s 0.59+0.5

50



191l = |
Experiment -e— —

100000

10000 L 4

1000
jimAfem®] | |
100 3 5

10 - 4

1L i
L ¢ o T i
0‘1_ | | S | |

0.15 0.2 0.25 0.3 0.35 0.4 0.45
Fact[GV]

Comparison of experimental exchange cur-
rents with transition state theory as a func-
tion of activation energy. The vertical sides
of the upper box correspond to the two val-
ues of activation energy calculated (inde-
pendent of transition state theory) in the
model with two choices for the function
Ais(2). The top and bottom sides of this
upper box correspond to two choices of m,
in TST . The lower box shows the range
to which the experimental current and ac-
tivation energy are confined.
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CONCLUSIONS

« Models of these interfaces require quan-
titative detail at all scales from tenths of
angstroms (electronic structure) through
angstroms (atomic structure, MD) through
continuum behavior at 10’s of nanome-
ters and beyond.

« They provide a great testing bed for scale
matching in simulation.
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